Abstract -Major recent developments in SEC as applied to mainly synthetic polymers, both hydrophobic and hydrophilic, and in the chromatography oflatex particles are discussed in this paper. In view of the burgeoning literature in the field, a major review is not attempted. Instead an overview of each subject is given and some topics of particular interest are amplified. In respect of hydrophobic polymers, particular attention is paid to the application of modern, sophisticated multi-detector systems and to advances in calibration techniques. The main slant in the discussion of particle chromatography is a comparison between SEC and hydrodynamic chromatography (HDC); two complementary techniques. The section on aqueous SEC (hydrophilic polymers) focusses mainly on polyelectrolytes. Since cationic polymers have to date received scant attention, a comprehensive review is given in this case.
INTRODUCTION
This is a review of recent published works on the size exclusion chromatography (SEC) of polymer molecules in solution and polymer particles in suspension in the submicron range. This review covers synthetic polymers but virtually neglects the vast amount of published work on the gel filtration chromatography of natural polymers. The main emphasis here is on the characterisation of such polymer and polymer particle types as have been found difficult to examine quantitatively. Examples include heterogeneous copolymers, polymers with long chain branching, polyelectrolytes, microgel and latex particles). The reader is referred to a number of recent texts on SEC for information on advances in the many different aspects of SEC not covered here (separation mechanisms, packing materials, mobile phases and many others (refs. 1-4)).
The review begins with a discussion of detector systems, introduces some general relationships which can be used with detectors based on light scattering, UV and IR spectrophotometry and on viscometry and then refers to recent publications which have employed these detector types. Also considered are special applications of SEC such as for the characterization of heterogeneous copolymers, measurement of microgel content in latex polymers, molecular weight characterization of polyelectrolytes and the measurement of the size distribution of latex particles.
DETECTOR SYSTEMS

Introduction
The most promising and versatile SEC detector systems to date are the low angle laser light scattering photometer (LALLSP) coupled with a mass concentration detector (MCD) and a viscometer (VISC) coupled with an MCD. The MCD may be a differential refractometer or a UV or lR spectrophotometer. These detector systems are unique in that they give a measure of the molecular weight of the contents of the detector cell (M (V,Uc) and Mv(V,Uc) or [.q](V,Uc)) and thus provide valid measurements of M, M and [qi, the weight-average and viscosity-average molecular weights and intrinsic viscosity of the whole polymer sample. Corrections for peak broadening need not be made and in fact the molecular weight values obtained should be independent of the resolution of the SEC (hence the term absolute detector system). These detector systems may also be used for molecular weight and peak broadening calibration and can detect extremely small quantities of microgel in polymer samples.
Multiple wave-length UV and IR spectrophotometers when properly calibrated, can be used online with SEC to investigate detailed microstructure of polymer chains at different molecular weight/molecular size levels (copolymer composition, sequence lengths, chain ends and others). These analytical techniques will no doubt become of increasing interest as the production of specialty high performance polymers continues to expand.
General relationships
Universal molecular weight calibration.
At this point, it is appropriate to define simple and complex polymers in the context of SEC. A simple polymer is one for which a unique relationship between the size of polymer solute in the mobile phase (radius of gyration, hydrodynamic volume) and its molecular weight exists. All other polymers are complex. Equation (1) is a statement of the universal molecular weight calibration curve with polystyrene as the standard polymer used for its measurement. (1) where [q]p(V) and Mp(V) are the intrinsic viscosity and molecular weight of polystyrene in the detector cell at retention volume V. [1(V) and MN(V) are the intrinsic viscosity and number-average molecular weight of some other polymer. For the special case where the polymer in question is simple, MN(V) can be replaced by M(V) and one then obtains the original Benoit universal calibration curve. In the derivation ofeqn. (1) , it is assumed that all ofthe polymer molecules in the detector cell have the same hydrodynamic volume (same [qIM) and of course this is true when peak broadening is negligible. When peak broadening is significant the appropriate symbols for intrinsic viscosity and molecular weight are [q](V,Uc), MN(V,Uc), M(V,Uc) and so on.
Estimation ofmolecular weight/molecular size dispersity ofpolymer in the detector cell
The effective use of molecular weight detectors and detectors for the measurement of polymer chain microstructure requires a knowledge ofthe dispersity ofpolymer solute size and molecular weight in the detector cell. When peak broadening is not extreme, W(V,Y) can be approximated by a Gaussian distribution function of the form:
where F(V) is a normalization factor. The mean and variance of W(V,Y), Y(V) and o(V)2 can be related to the variance of a Gaussian instrumental function as follows (ref.
where (V)2 is the variance of the Gaussian instrumental function and D2(V) is the slope of the molecular weight calibration curve at retention volume V and is given by the molecular weight calibration curve: Equations which may be used with either a mass concentration detector response or with a LALLSP detector response to estimate molecular weight dispersity in the detector cell follow:
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where FM(V) and FL(V) are responses for MCD and LALLSP detector, respectively and M(V) is the molecular weight calibration curve. Eqn. (6a-7b) as written apply for simple polymers with the polydispersity in the detector cell MW(V,IJC)/MN(V,UC) approaching unity as peak broadening approaches zero. For complex polymers, M(V) in eqn. (6a-7b) should be replaced by MN(V) and M(V) and now as peak broadening approaches zero the polydispersity approaches MW(V)/MN(V). It should be remembered that for a complex polymer there are an infinite number of molecular weight calibration curves, one for each molecular weight average. The deviation of MW(V)/MN(V) from unity is a measure of the deviation from simple behaviour of the polymer in question. This deviation could be due to long chain branching frequency and length and composition variations for polymer molecules which have the same hydrodynamic volume. This ofcourse results in a polydispersity greater than unity even in the absence ofpeak broadening.
The effect of peak broadening on the intrinsic viscosity of the polymer solute in the detector cell is given by:
where K,a are Mark-Houwink constants for a simple polymer.
Detectors for molecular weight measurement LALLSP/MCD and VISC/MCD detector systems. After the establishment of SEC as a valid and powerful tool for molecular weight characterization of polymers, attempts were made to collect fractions and measure the intrinsic viscosity of the collected polymer using Ubbelohde viscometers offline. Meyerhoff(refs. 17, 18) and Goedhart and Opschoor (ref. 19) first employed this technique, in which a set of micro Ubbelohde viscometers were filled and emptied periodically by a siphon, to measure polymer molecular weights without the use of a molecular weight calibration curve from a prior calibration. However, with the introduction of high performance SEC with the associated small retention volume range, these offline techniques consumed too large a volume of mobile phase per fraction and thus became impractical. Ouano (refs. 20, 21 ) developed a continuous viscometer that measured the pressure drop of the mobile phase with dissolved polymer solute as it flowed through a micro capillary tube.
Although this technique required a flowrate with little variation and a highly sensitive pressure measurement, it has been used successfully by several workers (refs. 22-26, 38, 39 Referring to eqn. (6b) one can see that for the MCD, corrections for peak broadening are likely to be smaller for the highmolecular-weight end (low-retention-volume end) ofthe detector response. The exponential factor on the right hand side of eqn. (Gb) is always greater than unity while the pre-exponential factor is usually less than unity. The opposite is true for the low-molecular-weight end of the detector response. For very narrow MWI) polymer samples, the pre-exponential factor is the dominant correction factor because the slopes of the detector response (dFM/dV) near the point of inflection are quite large. The exponential factor would usually be in the range, 1- where dFM/dV is small, does Mw(V,Uc) come close to being on the true polystyrene calibration curve, M(V). They found calibration curves whose slopes were always much smaller than that of M(V). At the high-molecular-weight endof [37]
Fig. I. Molecular weight calibration curve for polystyrene found using narrow MWD PS standards (-0-) and using one moderately broad MWD PS sample (-) with SEC/LALLSP/DRI. [7] Characterization ofpolymers by size exclusion chromatography 
According to the universal molecular weight calibration curve (Eqn. (1)):
where the subscripts b and ? stand for branched and linear. The ratio of the radius of gyration of branched and linear polymer of the same molecular weight gM is given approximately by:
=(niiqi (12) with the branching structure factor E lying in the range, 0.5 < E < 1.5. Expressing the intrinsic viscosity of branched polymer as
where K,a are Mark-Houwink constants for linear polymer, we have
It can readily be shown that
Eqn. (15) To fully characterize polymers with long chain branching one should use SEC/LALLSP/VISC/MCD. In principle, with this detector system one can measure C(V), [q](V), MN(V), M(V) and BN(V) when used along with the universal calibration curve. These quantities, when integrated with respect to retention volume V, provide these same molecular properties for the whole polymer sample. 
MACROMOLECULAR CHAINS AND PARTICLES IN AQUEOUS ELIJANTS
General introduction
The first reported chromatographic separation of macromolecules according to their size (ref. 49 ) was on an aqueous system; polydextrans were chromatographed using a semi-rigid, porous polysaccharide gel. The subsequent development ofaqueous size-exclusion chromatography (SEC) to the point ofbeing capable ofproviding rapid and accurate estmimates of average molecular weights (MWs) and distributions (MWDs), as is feasible for many synthetic polymers in organic solvents, has, however, been relatively slow. The main reason for this is that, superimposed on the basic steric-exclusion mechanism which has become accepted for conventional SEC, are a number of non-steric effects. In order that the column packing materials be compatible with aqueous eluants, charged or polar groups are required at the packing surface. Such polar groups are also those which confer water-solubility on macromolecules, as well as stability on hydrophobic colloids. Interactions between the chargedlpolar groupings give rise to the non-steric-exclusion effects which fall into the following four basic categories: adsorption and, specifically in the case of ionic polymers, ion exchange, ion exclusion and ion inclusion, sometimes referred to as Donnan effect. These phenomena are well documented and explained in the several review articles covering the field of aqueous SEC (refs. 50-54) . A further complicating factor in the aqueous SEC ofpolyelectrolytes is their highly salt-sensitive hydrodynamic properties. Eluant ionic strength and the degree of ionisation of the polymer molecule influence very strongly the degree of expansion of the polymer chains. The conformation of certain nonionic macromolecules, such as polyethylene oxide (ref. 55) is also affected by the presence of salts. Since each of these above effects varies in relative magnitude from system to system, the basic tactics employed in achieving successful separation of species according to their size involve the "tailoring" of chromatographic conditions, viz, choice of packing materials, eluants and modifiers, to suit the particular case. With this in mind, the following sections discuss the aqueous SEC of the various classes of compounds. Basic concepts are introduced and some recent developments are described. The mechanisms of separation involved in the two techniques are best explained with reference to Figure 3 . In SEC, larger particles are more excluded from the pores of the packing material than smaller ones, thereby eluting ahead. In HDC, a capillary flow regime is assumed to exist in the interstitial flow channels. The eluant velocity tends to zero as the capillary wall is approached. Since larger particles can access the faster moving flow channels away from the walls, they once again elute ahead of the smaller ones.
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The initial decrease in RF with increasing ionic strength, I, is a result of the decrease in effective particle diameter due to shrinkage of the double layers. At high values of I however, the double layers become so compressed that van der Waals attractive interactions between solute and packing begin to occur. This qualitatively explains the behaviour observed in Fig. 2 for the data obtained at I 0. 176 M.
The method used so far to obtain particle-size and PSD-estimates by HDC has been the following. First a calibration curve is established by chromatographing colloidal standards, typically polystyrenes of narrow PSD, at a fixed ionic strength. The universality of such a calibration for spherical colloids of differing chemical types has been reported (refs.
69,70
). An unknown sample is then chromatographed at the same ionic strength. Methods for calculating the PSD directly from the chromatogram using the polystyrene latex calibration have been disclosed. This method is further (re) of the solute particle.
S r re+rc+8
S electron microscopy), rc, plus a contribution, 6, from the double layers surrounding both particle and packing. This situation is illustrated in Fig. 5 . Application of the Gouy-Chapman approximation predicts that should be proportional to 1h12 and further, assuming re to be the steric-exclusion parameter, that VR, the latex retention volume should vary linearly with 1h12 (VR increases as I increases). This was well borne out by experimental observations. It was inferred from this that the core radius will determine separation only when the double-layer thickness is zero, i.e. when 1h/2 This condition cannot, of course, be approached experimentally, but may be examined by extrapolation of data obtained at finite values ofi to 1h/2 ao Acceptance ofthese tenets leads to a reconsideration ofthe technique ofcalibration of both SEC and HDC systems. The value of6, the composite double-layer thickness (i.e. packing plus solute) depends not only on I, but also upon the surface potentials, qi, on both packing and solute. The surface coverage of latices by ionic surfactants is well known to vary with the chemical nature of the latex (refs. 83,84) . The area per surfactant molecule increases with increasing hydrophilicity. Correspondingly the surface charge density and hence q decrease. Thus, if all other factors are kept constant, the double layer surrounding, say, a latex particle of poly (vinyl acetate) will not he of the same thickness as that around a poly (styrene) particle. A universal calibration can only then strictly apply at the limit of infinite ionic strength. This could be approached by extrapolation of elution data obtained at finite ionic strength to 1h12 = 0. The "universal" calibrations of particle diameter against RF reported in some articles referring to HDC (refs. 69,70) must therefore be regarded as fortuitous. However, in practical applications, errors in particle-size determination of around, say, 10% are perfectly acceptable. If measurements on latex samples are made at high ionic strength then the double layers will be relatively thin and the error incurred in assuming that all latices have equal double-layer thickness at fixed I will be correspondingly small. The very fact that both SEC and HDC have been used to obtain reasonable particle-size estimates in many instances demonstrates that theoretical considerations need not impair practical ones.
Analysis of microgel content in polymers by SEC
Although aqueous eluants are not employed in the techniques described in this section, the similarity in configuration between microgels and latices suggests that their discussion at this point in our article is appropriate.
Cross linking of polymer chains frequently occurs in emulsion polymerisation processes. Upon mixing dried latex particles, prepared by emulsion techniques, with appropriate organic solvents, the uncrosslinked polymer chains usually dissolve quite quickly. Those latex particles which contain cross links will, however, from a swollen matrix rather than dissolving; the degree of swelling depending upon the extent of cross linking. It was predicted and verified by Gaylor et al. (ref. 85 ) that the solvent-swollen gel particles, being considerably larger than dissolved molecules, should elute more quickly through an SEC apparatus. Their system comprised typical nitrile elastomers, dissolved in methyl ethyl ketone and passed through a bed of controlled-pore glass with a differential refractometer as the detector. Their chromatographically-measured gel contents were highly reproducible in the range 30-80% gel and compared favourably with static measurements, i.e. leaching out polymer chains with solvent, followed by filtration of the gel and subsequent exhaustive drying. Apart from ease of operation, one great advantage of the chromatographic technique is its speed. 
SEC OF WATER-SOLUBLE POLYMERS
Introduction
SEC of water-soluble polymers is a rapidly expanding area, especially since the introduction of high-performance packings which have potential for rapid, accurate determination of MW and MWD. Development of the technique has, however, been hampered not only by the various non-steric-exclusion phenomena mentioned in the general introduction, but also by the lack ofpolymer standards ofnarrow MWD which are usually required for successful calibration.
In this section, the three classes of water-soluble polymer (nonionic, anionic and cationic) will be examined in turn, although there is some overlap between the classifications, as will become apparent.
Since the literature pertaining to nonionics and anionics has been subject to several reviews (refs. 50-54), details of available column packings and much of the earlier work are omitted here. The aqueous SEC of polycationics has only recently become feasible, however, and no review has yet been published. For this reason, cationics are discussed in greater depth.
Nonionics
Polyethylene oxide (PEO), unhydrolysed poly(acrylamide) (PAM) and dextrans are among the few water-soluble polymers which can either be obtained commercially or readily fractionated to yield standards of narrow MWD.
PEO is well known to adsorb onto many unmodified glass or silica-based packings (refs. 50-54) . For this reason, SEC analysis of PEO is often more conveniently carried out in conventional SEC using organic solvents and packing 
Anionics
As well as adsorption, factors such as ion exchange, ion exclusion, ion inclusion and polyelectrolyte chain expansion, fully described in several excellent reference works (refs. 98-100) must be considered as complicating factors in the aqueous SEC of anionics. In common with nonionics, relatively few narrow-MWD standards are available. Exceptions are NaPSS salts, obtainable from the Pressure Chem. Co., Pittsburgh, Pennsylvania and ionic PAM, prepared by hydrolysis of nonionic fractions.
Apart from the identification ofsuitable conditions for the chromatography of individual anionic solutes, the aim of much of the work so far published on aqueous SEC of anionics has been to establish the validity of calibration techniques, particularly Benoit's "universal" ([q]M) technique (ref. 91) , which has gained wide acceptance in the field of conventional ("organic") SEC (ref.
2). Most such investigations have involved the elution of both anionics and nonionic solutes from the same column set. The fundamental assumption behind this approach is that for each columnleluant system, there exists a certain ionic strength above which both polyelectrolyte expansion effects and ion exclusion due to the electrical double layers on both packing and solute become insignificant. Once such conditions are achieved, a direct comparison between the elution behaviour of nonionics and of polyelectrolytes becomes permissible. concentrations the method was again unsuccessful. The authors rationalised their observations in terms of ion-exclusion effects at low I and the possibility that (i) NaCl causes interaction between the polyelectrolyte and the Sepharose or (ii) some supermolecular structure exists in high-ionic strength NaCl solutions. It is also possible that the pore geometry of the semi-rigid gel is affected by salt concentration and/or type.
A subsequent publication from the same laboratory has recently appeared (ref. 107) . Fractogel TSK gels were chosen as supports. These are similar to the TSK Gel PW materials mentioned earlier, except that they are specifically intended for low-pressure SEC applications. The lack of surface charges on these hydrophilic gels with consequently reduced ionexclusion properties renders them an interesting alternative to the commonly-used glass gel packings. Using columns packed with gels of three different porosities, the universal calibration procedure was successfully applied to NaPSS, dextran and poly(ethylene glycol) (PEG) samples in 0.42 M NaOH solution. The detector system was a coupled DRI/online viscometer arrangement.
By contrast with the foregoing authors, none of the studies on aqueous SEC of water-soluble polymers undertaken by Hamielec et al. (refs. 6, 37, 93, 94, 108) have involved tests ofthe applicability ofthe universal calibration procedure. Their efforts have instead concentrated upon optimisation of chromatographic conditions (i.e. elimination of non-steric effects, minimisation of peak broadening and maximisation of peak separation) for each particular type of polymer studied. For example, using CPG supports, Omorodion et al. (ref. 108) showed that optimal conditions for the aqueous SEC of NaPSS were achieved using an eluant of pH 6 and I -0.05, with addition of a few ppm of neutral surfactant to prevent adsorption to the packing surface. Since each water-soluble polymer system examined in the same series of studies (refs. 94, 109) required a somewhat different mobile phase for optimal resolution, the universal calibration procedure was deemed inappropriate.
The validity of the procedure for polyelectrolytes is further put in question as a result of the recent findings of Styring et al. (refs. 66, 110) . Eight NaPSS samples were chromatographed on CPG in eluants similar to those of Omorodion et al. The extrapolation to infinite ionic strength was less straightforward than that for the latex data (refs. 65, 66) . It was found necessary to assume constant surface potential on the polyelectrolyte coil, irrespective of ionic strength, in order to obtain a mathematically tractable extrapolation procedure. In the event, the [ni M calibration at 1= ccx was found to behave in the same way as that shown in Fig. 6 for I = 0.107. The main conclusion drawn was that the universal calibration procedure was not valid for this system. The double-layer interactions between the packings and latices could be quantitatively accounted for. However, the lack of an adequate theory predicting the variation in polyelectrolyte surface potential (and hence double-layer thickness) with I precluded a similarly successful treatment for the polysulphonates.
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Least-square best fit to data for latices at I = 107 mmol dm3 The former determined Donnan equilibrium data for the NaPSS-NaC1 system on silica gels, whilst the latter measured the Donnan salt exclusion parameter, F for the simple salts NaC1, Na2SO4 and Na3 (1,3,6 -naphthalene trisuiphonate), eluted with aqueous NaNO3 from Sephadex G-10. On a Sephadex G-25 column, the I' value for the heparin -NaC1 system was determined.
Cationics
The greatest challenge to "ideal" SEC, i.e. adsorption-free SEC of water-soluble polymers, has been posed by cationic polyelectrolytes. This is partly due to their intense and irreversible interaction with the glass and silica supports commonly employed in aqueous SEC. Development of suitably modified silica packings and the appearance on the market of TSK Type PW gels (having an uncharged surface) have occurred only relatively recently. For this reason the literature pertaining to aqueous SEC of cationics is very sparse at the time of writing.
The first report of prevention of adsorption of (unspecified) polycations to silica supports was that of Buijtenhuis The elution behaviour ofP2VP from a silica packing with a different surface-bonded coating (SynChropak CATSEC) was disclosed by Gooding et al. (ref. 118) . This type ofsupport has a thin surface-bonded layer ofpolyamine, polymerised with a neutral hydrophilic crossiinker to increase stability. When experiments were performed using uncoated silicas, considerable tailing of the chromatograms was observed. However, when the CATSEC-bonded silicas were employed, the tailing disappeared, linear recovery of P2VP was obtained and a log-linear MW calibration curve was constructed, indicating exclusion from the support on a purely steric basis. (125) to explain these latter two anomalies, i.e. PW gels contain some apolar sites that bind hydrophobic moeieties.
CONCLUDING REMARKS
The efficacy of SEC in determining molecular weights and distributions of simple polymers in many organic solvents has been well demonstrated over the past two decades. Substantial advances have more recently been made in two important areas. First the mathematical basis for the construction of calibration curves for both molecular weight and peak broadening, given relatively few samples of known molecular weight and distribution, has been established. Previously, narrow distribution standards in a wide range of molecular weights were required for this purpose. Secondly, the improvements in chromatographic hardware, particularly in detector systems, has opened the door to extending the utility of SEC to the analysis of complex polymers. The use of multi-detector systems allows, in principle, such properties as long-chain branching in homopolymers and sequence lengths in copolymers to be examined.
Owing to non-size-exclusion effects in aqueous SEC, such sophisticated hardware is not yet generally applicable to watersoluble polymers. Most ofthe recent advances in this field have come with the development ofchromatographic supports which negate, or at least reduce these effects. However, reliable methodologies have been developed for the successful SEC of several commercially important water-soluble polymers. Aqueous particle chromatography, too, with certain provisos, has developed to the stage where good estimates of particle size may be made. By comparison with the "state of the art" in non-aqueous SEC, it is clear that much work, both theoretical and practical, needs to be done in the field of aqueous SEC. The stimulus for such research will grow with the increasing commercial importance of water-soluble polymers in such fields as tertiary oil recovery, sewage flocculation and dewatering and viscosity modification in diverse products. The authors for their part hope to be able to resolve some of the conflicting observations thus far made in this field.
